STUDY QUESTION: Are reproductive hormone levels (FSH, LH, inhibin B and testosterone) in male offspring conceived by ICSI because of male infertility comparable with those from peers born after spontaneous conception?
Introduction
Nowadays, ICSI is a routinely performed ART procedure that has resulted in more than 2.5 million babies born worldwide (Van Steirteghem, 2012) . Although ICSI was initially performed in couples with severe male-factor infertility, ICSI is now increasingly used in the absence of abnormal semen parameters (Evers, 2016) .
Until now, the health of children conceived after ART has been described from infancy up to pubertal age, but not systematically beyond. More specifically, albeit being of great consequence, the impact of ICSI on the reproductive health of the offspring has remained unknown. We previously described a normal pubertal development (Belva et al., 2012) in 14-year-old ICSI boys. Then, we documented comparable levels of serum inhibin B and of salivary testosterone in pubertal ICSI boys and spontaneously conceived peers (Belva et al., 2010 . Also, but in a rather limited group, both inhibin B and testosterone levels were comparable in boys from fathers with severe oligozoospermia to those in boys from fathers without severe oligozoospermia . However, whether this reassuring hormonal profile of Sertoli and Leydig cell function in 14-year-old ICSI-conceived boys indicate a normal fertility potential remained unknown.
Literature data regarding the reproductive health of ART offspring are currently sparse. One study has described sperm parameters and reproductive hormone levels in a small group of 39 young men whose mothers received 'fertility treatment' (Jensen et al., 2007) and reported both a lower sperm concentration and a lower serum testosterone level. We also have recently reported a lower sperm concentration in ICSI-conceived young adults in comparison with spontaneously conceived peers (Belva et al., 2016) .
The assessment of reproductive function typically involves an analysis of semen and the reproductive hormones FSH, LH, inhibin B and testosterone. It is well known that FSH and inhibin B levels are complementary tools in assessing the exocrine gonadal function (Von Eckardstein et al., 1999) . Inhibin B is involved in the negative feedback regulation of FSH secretion and has been shown a serum marker of spermatogenesis in adults (Jensen et al., 1997) . LH and testosterone reflect the endocrine function of the testis .
Although the causes of male infertility are likely to be multifactorial, a substantial heritable component in plasma hormone levels reflecting Sertoli cell function seems plausible (Storgaard et al., 2006) . Therefore, we speculated that circulating reproductive hormone levels in ICSI offspring, conceived by ICSI because of (severe) male-factor infertility might be lower than in spontaneously conceived controls.
In this study, we compared the levels of serum FSH, LH, inhibin B and testosterone in the world's oldest ICSI cohort, with those from spontaneously conceived peers. Furthermore, we examined the association of their serum reproductive hormones with their previously published semen parameters.
Materials and Methods

Set-up and study groups
This study is part of a larger project on the cardio-metabolic and reproductive health of young adult women and men born after ICSI. This project included the collection of clinical and anthropometric data and semen analysis and blood samples. In case of an abnormal result, participants were offered the possibility to provide a second blood sample. All participants received written feedback regarding the results of their tests and were offered appropriate counseling, investigation and follow-up. All participants received an incentive by means of a gift voucher.
Subjects were eligible for inclusion if they were singleton, Caucasian and between 18 and 22 years in the study period from March 2013 to April 2016.
Young adult ICSI men, born between 1992 and 1996 after transfer of fresh ICSI embryos using autologous, freshly ejaculated sperm, are part of a cohort that has been prospectively monitored since birth. The majority had been clinically assessed previously. All parents of eligible ICSI offspring in our database (n = 423) were sent a letter explaining the background and set-up of the study. Shortly after, these parents were contacted by phone in order to explore their and their children's willingness to participate. After parental consent was obtained, the young adults were approached directly and invited to participate.
Participation rates are described elsewhere (Belva et al., 2016) . Briefly, from the 215 eligible ICSI families with a male offspring, 149 could be reached. Because 21 parents decided that 'the family' was not interested in participating and nine couples did not disclose the mode of conception, our invitation actually reached 119 (47.0%) men. Eventually, 56 men born after ICSI participated and provided a blood sample, but only 54 provided both a blood and semen sample.
A control group of spontaneously conceived peers between 18 and 22 years was recruited at college and university campuses by means of oral and written campaigns, resulting in 57 volunteers who were willing to participate. In order to balance groups, ICSI men were also asked to invite a friend to serve as a participant in the control group. Male subjects who were only willing to take part in sub-examinations (andrological examination and/or blood sampling) were not included in the study. Only young adults born after spontaneous conception without use of any hormonal stimulation were eligible as controls.
Informed consent and Ethics Committee
Written informed consent was obtained from all participants enrolled in the study. The study was part of a larger project, which was approved by the Ethics Committee of the UZ Brussel.
Measurements
Physical examination
Weight and height were measured using standard equipment. BMI was calculated as weight in kilograms divided by the square of height in meters (kg/m 2 ).
Genital examination was performed with special attention to the presence of hydrocele, varicocele, spermatocele, inguinal hernia and the location of the testis in the scrotum. Testicular size was measured by ultrasound. The testicular volume was calculated according to the formula (width × length × height × 0.52) (Lenz et al., 1993; Bahk et al., 2010) .
Questionnaires
All participants were asked to complete a questionnaire covering a broad range of health parameters of themselves and of their family. This included information on lifestyle factors, chronic medication intake (at least 1 year), chronic illnesses (suffering at least 1 year), surgical interventions, genital abnormalities (cryptorchidism, hydrocoele, varicocoele, inguinal hernia, etc.) and their treatment. In addition, education levels of the parents were registered as well as early life factors including in-utero exposure to tobacco.
In case of missing or incomplete information, the young adults were recontacted for further information.
Semen analysis
Assessment of the semen sample has been described previously. The sample was analyzed according to recommendations by the World Health Organization (WHO, 2010) . For definitions of normal semen quality, the World Health Organization reference values for human semen characteristics were adopted (Cooper et al., 2010) .
Hormone analysis
Semen and blood samples were provided on the same day. All blood samples were taken between 9 a.m. and 11 a.m.
Levels of testosterone, FSH and LH were determined by Elecsys electrochemiluminescent immunoassays on the automated analyzer Cobas 6000 (Roche Diagnostics, Mannheim, Germany). Inhibin B was determined using a commercial ELISA (Inhibin B Gen II, Beckman Coulter, Brea, CA, USA). Intra-assay and inter-assay coefficients of variations were <5% for LH and FSH, <7% for testosterone and <10% for inhibin B.
In case of aberrant results, a second blood sample was encouraged. Two men returned for blood analysis (one ICSI, one control) because of low FSH levels, which turned out to be normal in the control man and but still low in the ICSI participant.
Statistical analysis
Descriptive statistics for all relevant parameters are presented as mean, SD, median and interquartile ranges (IQR), which represent the 25th-75th percentiles.
FSH and testosterone were logarithmically transformed (log 10) to normalize their distribution. The reproductive hormones LH and inhibin B approximated normality and were, therefore, not transformed for analysis. As described previously (Belva et al., 2016) , sperm concentration, total sperm count, total motile count and sperm morphology were logarithmically transformed (log 10) to normalize their distribution. To increase interpretability, results from transformed variables are reported as backtransformed means and their 95% CI. Fisher's Exact test was used to compare categorical variables and Student's t-test was used to compare normally distributed continuous variables between ICSI and control groups. Between-group differences (expressed as median) in hormonal parameters were also tested with the non-parametric Mann-Whitney U-test. Data analysis was performed using SPSS software version 23.
Multiple linear regression analysis was used to investigate differences in reproductive hormones between the two study groups. Preliminary univariate regression analysis was used to assess which covariates (known to affect reproductive hormones and/or presenting differently in the two study groups) should be included in the final regression models. The following covariates were tested: age (continuous), BMI (<25, ≥25), genital abnormality (yes/no according to combined information from questionnaire and physical examination), season of sampling (spring/summer versus autumn/winter) and smoking (yes/no). For reasons of uniformity, the same covariates were used in all regression models. Given that all blood samples were collected between 9 a.m. and 11 a.m., we did not adjust for time of blood sampling. Results are expressed as unstandardized regression coefficients (B) with a 95% CI.
Logistic regression was used to investigate if young adult ICSI men were more like to present with aberrant hormone levels, i.e. below the 10th percentile for inhibin B (based on calculated data from Hart et al., 2015) and above the 90th percentile for FSH (based on data from our control population). More specifically, the thresholds for inhibin B and FSH were 125.2 ng/l and 5.5 IU/l, respectively.
Correlations between hormone levels and semen parameters and testis volume are expressed as Pearson correlation coefficients (r). The association between aberrant hormone levels and low sperm concentration (<15 million/ml) or low total sperm count (<39 million) was investigated with logistic regression analysis.
The required sample size was estimated using the sperm concentration as the main parameter of interest, since semen characteristics were the key outcome of the project (see Belva et al., 2016) . A power calculation shows that with a number of 55 participants in each group and an assumed overall mean inhibin B level of 193 pg/ml (SD 70) (Andersen et al., 2000) , a 15% lower inhibin B level in the ICSI men could be detected with a power of 90% and an alpha of 5% (one-sided test).
Results
Characteristics of the study population
Clinical characteristics and semen parameters are reported elsewhere (Belva et al., 2016) . Briefly, ICSI men were younger (mean 19.4 years, SD 0.7) than control men (mean 20.0 years, SD 1.2). The mean weight, height and BMI were comparable between the groups. Mean testicular volume was also comparable between the groups, but ICSI men had a lower median sperm concentration (17.7 million/ml), a lower median total sperm count (31.9 million) and lower median total motile sperm count (12.7 million) in comparison to spontaneously conceived peers (37.0 million/ml, 86.8 million, 38.6 million, respectively).
Sixty samples (42 ICSI, 18 controls) were collected in spring/summer and 51 (12 ICSI, 39 controls) were collected in autumn/winter.
In 88.8% (48/54) of the ICSI-conceived men, male-factor infertility was the indication for ICSI, and in two cases ICSI was performed because of combined male and female infertility resulting in 50/54 (92.5%) of the cases ICSI being performed for male infertility. The remaining four couples suffered from idiopathic infertility.
Univariate analysis showed that age, BMI and season were associated with at least one of the reproductive hormones. Age was positively associated with LH (P < 0.01). BMI was negatively associated with inhibin B (P = 0.009) and with testosterone (P = 0.05). Blood samples collected in spring or summer showed lower levels of LH compared to samples collected in autumn or winter (P = 0.04). Having a genital abnormality and smoking were not associated with any of the hormones and therefore not included in the final model.
There was a significant positive correlation between FSH and LH levels (r = 0.4; P < 0.01) and a significant negative correlation between FSH and inhibin B levels (r = −0.4; P < 0.01).
Comparison of reproductive hormone levels between ICSI men and controls Serum reproductive hormone levels from the ICSI and control men are summarized in Table I . Serum levels of FSH, LH, testosterone and inhibin B were comparable between ICSI men and peers born after spontaneous conception. Adjustment for confounders (age, BMI, season) did not change the results: no significant differences in reproductive hormone levels between ICSI men and spontaneously conceived peers were found (results not shown).
Nine (16.6%) ICSI-conceived and five (8.8%) spontaneously conceived participants had inhibin B levels below the 10th percentile (<125.2 ng/l) (P = 0.3) (Table II) . After adjustment for confounders (age, BMI, season), ICSI-conceived men were more likely to have inhibin B levels below the 10th percentile (<125.2 ng/l) compared with spontaneously conceived peers (AOR 4.0; 95% CI: 0.9-18.4; P = 0.07), but this difference did not reach statistical significance.
Thirteen (24.1%) ICSI-conceived and five (8.8%) control men had FSH levels above the 90th percentile (>5.5 IU/l) (P = 0.04). were more likely to have FSH levels above the 90th percentile compared with spontaneously conceived peers (AOR 3.3; 95% CI: 0.9-11.9; P = 0.06), but this difference also did not reach statistical significance. Six (11.1%) ICSI-conceived men and two (3.5%) controls had both inhibin B levels below the 10th percentile and FSH levels above the 90th percentile (P = 0.12) (Fig. 1) . ICSI men were more likely to have the combination of low inhibin B levels and high FSH levels (AOR 3.7; 95% CI: 0.5-24.4; P = 0.17), but again, this difference did not reach statistical significance.
Associations between reproductive hormone levels and semen parameters and testis volume
Pearson correlation coefficients between hormone levels and semen parameters and testis volume are shown in Table III. FSH levels were negatively correlated with sperm concentration, total sperm count, total motile count, sperm morphology and testis volume (P = 0.05 or less).
Serum testosterone was significantly associated with testis volume, but not with semen parameters.
LH levels were negatively correlated with sperm concentration, total sperm count and marginally with total motile count, but not with sperm morphology or testis volume.
Inhibin B levels were positively correlated with sperm concentration, total sperm count, total motile count and testis volume (P = 0.02 or less).
There were eight out of nine (89%) ICSI-conceived men and three out of five (60%) spontaneously conceived peers with inhibin B levels below 125.2 ng/l who also had at total sperm count below 39 million.
Overall, men with inhibin B levels below the 10th percentile were more likely to have a low total sperm count (<39 million) (OR 7.9; 95% CI: 2.0-30.5; P = 0.003) and low sperm concentration (<15 million/ml) (OR 3.4; 95% CI: 1.1-10.9; P = 0.03). Also, men with FSH levels above the 90th percentile were more likely to have low total sperm count (<39 million) (OR 8.3; 95% CI: 2.5-27.5; P = 0.001) and low sperm concentration (<15 million/ml) (OR 6.0; 95% CI: 2.0-18.0; P = 0.001). All men with the combination of inhibin B levels below the 10th percentile and FSH above the 90th percentile had a total sperm count below 39 million.
Discussion
In this study focusing on the reproductive health of the worldwide oldest ICSI offspring, we found comparable mean levels of reproductive hormones between young adults born after ICSI and spontaneously conceived controls. Although the comparisons did not reach statistical significance, ICSI men were more likely to have inhibin B levels below the 10th percentile and FSH levels above the 90th percentile in comparison with spontaneously conceived peers.
Literature data regarding the reproductive endocrine profile in men born after ART are limited to study of 39 sons of Danish mothers who received fertility treatment to conceive. In that study, a non-significant reduction in serum testosterone levels was reported (Jensen et al., 2007) . Unfortunately, larger-scale follow-up studies of young people born after ART are lacking.
Also, comparing levels of reproductive hormones between studies is difficult because different assays have been used over time and because of differences in study populations (in terms of ages, known/ proven fertility status, geography). Hitherto, only two large studies have been published where inhibin B has been measured by the second generation ELISA kit (Barbotin et al., 2015; Hart et al., 2015) . Although our median inhibin B levels were somewhat lower than the reported median of 215 pg/ml in 20-year-old Australian men measured by the same assay (Hart et al., 2015) , the calculated 10th percentile threshold (125.2 ng/l) in their population of 384 young men with unknown fertility status is very similar to the 10th percentile of 129.6 pg/ml in our spontaneously conceived control group. Thresholds for lower limits may vary across studies due to differences in study populations. It has been shown that normal ranges for reproductive hormones are lower in a reference group of men with unknown fertility status compared to those from men with proven fertility (Andersen et al., 2003) . Since no direct comparison is available for FSH levels due to various measurement techniques across studies or diverse study populations, we calculated the threshold value for the 90th percentile from our data of spontaneously conceived controls. In our study, inhibin B levels below the 10th percentile and FSH levels above the 90th percentile were strongly associated with low total sperm counts. Barbotin et al. (2015) reported in a study of 818 men from subfertile couples that an inhibin B level below <92 pg/ml and an FSH level above 7.8 IU/l was associated with a statistically significantly increased OR for a low total sperm count (<39 million). Despite using different thresholds, we also found that inhibin B levels below the 10th percentile and FSH levels above the 90th percentile were predictive for low semen quality.
Correlations between reproductive hormones and covariates including BMI and season have been repeatedly reported. In line with the findings of Mendiola et al. (2014) , we found lower levels of LH during spring and summer than in autumn and winter, but we could not find any seasonal variation in testosterone levels (Andersson et al. 2003) . Also, the reported correlations between BMI and the reproductive hormones inhibin B and testosterone in our study population are concordant with literature data. In a recent meta-analysis, strong evidence of a negative relationship between BMI and testosterone was reported (MacDonald et al., 2010) and in a study of 1558 Danish conscripts, inhibin B levels decreased with increasing BMI (Jensen et al., 2004) .
Furthermore, we found correlations between hormones and total sperm count and sperm concentration but not with sperm morphology, which is in accordance with other studies (Jensen et al., 1997; Pierik et al., 1998; Andersen et al., 2000; Mendiola et al., 2014; Hart et al., 2015) but not all other studies (Jensen et al., 2004; Barbotin et al., 2015) . Specifically, inhibin B was positively correlated and the gonadotropins were negatively correlated with sperm concentration, total sperm count, total motile count and testis volume. These findings are consistent with data from the literature (Jensen et al., 1997; Andersen et al., 2000; Kumanov et al., 2006; Grunewald et al., 2013) .
Notwithstanding our finding that mean and median levels of circulating reproductive hormones are comparable in the ICSI and control groups, and even though comparisons did not reach statistical significance, ICSI men were more likely to have inhibin B levels below the 10th percentile and FSH levels above the 90th percentile in comparison with spontaneously conceived peers. Unfortunately, we cannot compare the hormone levels between fathers and sons, but because the majority of ICSI men in our study were born to fathers with severe male-factor infertility, and who were more likely to have low inhibin B levels and high FSH levels, this might point to the hereditary component in plasma levels of hormones reflecting the Sertoli cell function, as shown in twin studies (Storgaard et al., 2006) .
The sample size was rather small but adequate for the main outcome of this project, i.e. to detect relevant differences in sperm characteristics between ICSI men and spontaneously conceived peers. Probably as a consequence of this small sample size, differences in threshold values of reproductive hormones between the two groups were not statistically significantly different at the 5% level but nevertheless expected trends were detected. The number of eligible ICSI men was not exhaustive given that the participants of this project are the worldwide eldest ICSI offspring, who were predominantly conceived by ICSI because of male-factor infertility. Future studies will not only describe the reproductive health in larger groups of ICSI men but also in men conceived by ICSI for diverse indications. Furthermore, and as previously reported (Belva et al., 2016) , participation bias cannot be ruled out but it is unlikely since both ICSI and control participants were self-reported healthy young men without prior knowledge of their fertility status.
We have previously reported that ICSI-conceived men are at higher risk of low sperm concentration, low total sperm count and low total motile sperm count compared to spontaneously conceived peers (Belva et al., 2016) . Here, we report that young adult men born after ICSI are more likely to have inhibin B levels below the 10th percentile and FSH levels above the 90th percentile. Since inhibin B and FSH are consistently correlated with semen characteristics including sperm concentration and total sperm count, we would suggest further exploration of the reproductive status of young adults conceived by ICSI with a hormonal assessment given its easier acceptance compared to semen sampling. Obviously, a larger study group is pivotal to formulate definite conclusions regarding reproductive hormones and their association with sperm parameters in male ART offspring. and Andrea Buysse, for contacting the ICSI families and recruiting the ICSI young adults, and to Jonathan Tresignie and Steven Provyn, for assistance in recruiting the control group. Special thanks also go to Walter Meul, our data manager, to Johan Schiettecatte, for the organization of the blood sampling, and to Professor Emeritus Bengt Kallen, for the critical appraisal of the manuscript.
